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Abstract

We present a search for Standard Model Higgs boson production in association with
a W= boson. This search uses data through period 12, corresponding to an integrated
luminosity of 1.9fb~1. We select at least one tagged W + 2 jet events that fall into one
of three tag categories: Events with two tight SECVTX tags or events with one tight
SECVTX tag plus one jet probability tag or one tight SECVTX tag. Furthermore neural
network b-tagging algorithm is applied to one SECVTX tag evens to improve signal-
background ratio. Discrimination between the Higgs signal and the large backgrounds
in the W + 2 jet bin is increased through the use of an artificial neural net. We see no
evidence for a Higgs signal, so we set a 95% confidence level upper limit on the W H
cross section times the branching ratio of the Higgs to decay to a bb pair. Using neural
network discriminant gives best results

o(pp = W*H) x BR(H — bb) < 1.3 to 1.2 pb,

for Higgs masses from 110 GeV/c? to 150 GeV/c?

1 Introduction

This note describes the search for pp — WH — fvbb in events that are at least one b-
tagged using the SECVTX and jet probability algorithms. The signature for this process is a
W -boson decaying semileptonically to a high-p; electron or muon and two jets containing
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b-quarks (see Figure[I)). This signature is primarily sensitive for low Higgs masses, as shown
in Figure 2l The main backgrounds for this process include W 4 2 jet production (where
the jets contain either tagged heavy flavor or mistagged light flavor), ¢# production, and QCD
multijet production, where one jet fakes a lepton. These background processes are essentially
the same as the backgrounds for the ¢ search in the W+ > 3 jet bin, although in the case
of tt the ratio of signal to background is much higher. This search uses data collected up to
May 2007, which correspond to a total integrated luminosity of 1.9fb~*.

The previous W H search [4] was performed with integrated luminosity of 1.7fb!' and
set an upper limit on the production cross section as shown in Figure Bl These limits ranged
from o(WH) x BR(H — bb) < 1.4 pb for a Higgs mass of 110 GeV/c? to 1.1 pb for a
Higgs mass of 150 GeV/c2. For this version of the analysis, we take the following steps to
improve the sensitivity:

1. We add one SECVTX tagged category to increase signal acceptance. The one SECVTX
tagged events are applied to decrease background contamination

2. We improve an artificial neural network (NN) used in previous analysis to increase
sensitivity.

We have investigated a number of other improvements, including adding additional ac-
ceptance through using PHX electrons and leptons identified as isolated tracks, and increas-
ing the signal discrimination using more complicated multivariate techniques. We expect
these improvements to be incorporated in the next update.

b

Figure 1: Feynman diagram of WH production.

2 Data/MC samplesand Luminosity Calculation

The data used for this analysis come from the high p7 electron bhel 0d, bhel Oh, bhel 0Oi,
bhel 0j and muon bhnuOd, bhmuOh, bhmuOi, bhruOj datasets collected through
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Figure 2: Standard model Higgs boson production cross section at the Tevatron and the
branching ratio of Higgs boson.
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Figure 3: Upper limiton o (pp — W H) x BR(H — bb) obtained with integrated luminosity
of 955pb 1.
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March 2007. We select events from these datasets that pass the central electron (ELEC-
TRON_CENTRAL_18) and central muon (MUON_CMUP18 and MUON_CMX18) triggers.
Due to trigger bandwidth limitations at high luminosity, several versions of the muon trigger:
a luminosity-enabled version, which disables the CMX trigger until a certain luminosity is
reached, a “JET10” version, which adds an additional jet requirement, and at the highest
luminosities, one that combines the luminosity enable and jet requirement. The luminosity
lost to the luminosity enabled CMX triggers is accounted for when the sample luminosity
is calculated. Luminosities are calculated using the DQM version 18 good run list (bits
[1,1,4,1]). The corresponding total integrated luminosity is 1.92fb ™' for CEM and CMUP
leptons, 1.88 fb~! for CMX muons.

Our Higgs signal model comes from the official Higgs Discovery Group Higgs Monte
Carlo (MC) samples generated with PYTHIA using the standard MC procedure outlined
in CDF software version 6.1.4. These Higgs samples were generated for a range of Higgs
masses (M =110, 115, 120, 130, 140 and 150 GeV). Our background models are composed
of a number of components. The W and Z plus light flavor and heavy flavor jet processes
are modeled using ALPGEN version 2.10 showered with PYTHIA. Likewise, the single-
top contribution is modeled using parton-level events generated by MadEvent and showered
through PYTHIA. The rest of the background processes, including the tt, WW, W Z, and
7 7 processes were generated with PYTHIA. For backgrounds involving a top quark, the top
mass was set to 175 GeV/c?.

3 Event Selection

We use the same event selection criteria as in the SECVTX ¢t cross section measurement [[14]].
We require events to contain an isolated electron or muon with E7(pr) > 20 GeV as well
as Hr > 20 GeV, after accounting for the muon and jet energy corrections. Jets are clustered
using JETCLU with a cone size of 0.4 and are required to have Er > 20 GeV after level 5 jet
corrections (using j et Cor r 12 jet energy correction code) and |9 petector| < 2.0. Currently,
we are not using any additional QCD veto, such as the standard cut on the angle between the
Hr and the leading jet. The tagged sample is defined by requiring that at least one of the jets
has a positive tight SECVTX tag.

3.1 Db-tagging strategies

In the previous version of this analysis, we focused double b-tagging events which have
double SECVTX tagged events or one SECVTX tag plus one Jet Probablity tagged events.
For this version of the analysis, we try to include the single SECVTX tagged events. Because
these events still have large signal acceptance. However the background contamination is
much worse than double tagged events. Therefore, we apply NN flavor separation [5]] for one
tagged events. Finally, events used in this search fall into one of three exclusive categories:

SECVTX tight + SECVTX tight (ST+ST): Events in this category are required to have
both jets tagged by the tight operating point of SECVTX.



SECVTX tight + Jet Probability (ST+JP): Events in this category are required to have
one jet tagged by the tight operating point of SECVTX and one jet to be tagged by

the jet probability algorithm. To be tagged, a jet must have a jet probability of less
than 5%.

SECVTX tight w/ NN tag: Events in this category are required to have exact one SECVTX
tight tagged jet and its jets need to pass NN separator.

Figure @] shows comparison between the b-tagging categories used in this version of the
analysis and the previous version. Almost all tagging events of at least one SECVTX agged
events is utilized in this analysis.

One SECVTX w/o NN tag
(not use)

Onge SECVTX tag

TX tag + JetProb

Old category New category

Figure 4: b-tagging category comparison between the current analysis and the previous one.
Left plot shows b-tagging category in previous analysis and right plot show b-tagging cate-
gory in this analysis

4 Background Estimation

In this note, we build on the method of background estimation used in ¢t cross section
measurement[14]], the so-called “Method 2”. In the W+jets sample, the following back-
ground sources are considered:

Non-W QCD: A W signature is generated when one jet fakes a high pr lepton and Hr is
generated through jet energy mismeasurement.

W + Mistags: This background occurs when one or more light flavor jets produced in asso-
ciation with a W boson are mistakenly identified as a heavy flavor jet by the b-tagging
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algorithms. Mistags are generated because of the finite resolution of the tracking, be-
cause of material interactions, or because of long-lived light flavor hadrons (A and K)
that produce displaced vertices.

W+ Heavy Flavor: These processes (W -+ bb, W + ¢¢ and W + c) involve the production
of actual heavy flavor quarks in association with a W boson.

Top Quark Backgrounds: This background comes both from single top quark production
and top quark pair production.

Other EWK Backgrounds: Additional small background contributions come from Z + jets
production and diboson (W W, W Z, and Z Z) production.

The Non-W background is estimated using the “MET vs ISO” technique described be-
low. The W + Mistag background is estimated from the data by apply a mistag parame-
terization, also known as the mistag matrix, to the data before tagging (pretag data). The
W + Heavy Flavor background is also estimated from the pretag data using the ALPGEN +
PYTHIA MC to set the relative normalization of light to heavy flavor events as well as the
b-tagging efficiency for W + Heavy Flavor events (see below). The Top Quark and Other
EWK backgrounds are normalized directly by their theoretical cross sections, calculated at
next-to-leading order. More details can be found in the ¢£ cross section documentation [T14]].

4.1 NonW (QCD fake) background

To estimate the number of events in which QCD jets fakes a lepton, we use the Fr vs
Isolation method. We divide the 7 vs isolation plane into the following regions (see Figure

Bl):
e region A: Isolation > 0.2 and By < 15 GeV
e region B: Isolation < 0.1 and Hr < 15 GeV
e region C: Isolation > 0.2 and Hy > 20 GeV
e region D: Isolation < 0,1 and Hr > 20 GeV

Here region D is our signal region. We assume that the lepton isolation is independent of
Hr , and that the tagging efficiency is the same between Region B and D. Then we define the
fraction of events which are the non-W contribution:
Np x N¢
N A X N D ’

where NV; (i = A, B,C, D) are the number of pretag events in each sideband region. To
obtain the non-W background for tagged events, we measure the b-tagging efficiency from
region B. For this purpose, we define tagging efficiency as

)

fnon—W =

N(tagged events)

_ B
'p = Ngaggable jets) ? (2)
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Figure 5: Each region in H7 and L lepton isolation plane

where V{28800 1) g py{2eeable o) oo number of taggable and tagged jets in region B
respectively. Then we obtain the non-W background in region D with the relation

N(Dnoan) _ Nl()taggable jets) . (3)

f non—-W X T'B X
We call this procedure the “Tag Rate Method” since it uses the tag rate in region B. It is
also possible to have a estimate directly from the tagged sample, by using

_ Nj x N¢

N ,

4)
where + denotes positive tagged events, and we call this method as “Tagged Method” in this
note.

These methods are data-based techniques, so the estimates could also contain other back-
ground processes. Subtracting the known backgrounds should result in a better non-W QCD
estimate. The contributions from ¢¢ and W +jets events to each sideband region are estimated
and subtracted based on theoretical cross section and ratio to D region. The non-W fractions
after the correction are shown in Table[[l Systematic uncertainty of nonW fraction ,25%, are
quoted from previous analysis[3]] as there are no reason from previous.

To combine the estimates from the tag rate and tagged methods, the two sums are com-
bined in a weighted average to get the total non-W backgrounds.

The low statistics of the double-tagged and NN tagged samples prevents us from applying
this technique directly. Instead, estimates from the > 1-tagged sample are extended into
the double-tagged or NN tagged sample using the ratio of at events with at least 1 tag to
events with double tag events in region A’(Isolation > 0.1 and 10 < By < 20 GeV), B, and
C’(Isolation > 0.1 and By > 20 GeV).
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Figure 6: Observed data on Hr vs Iso plane. From left, CEM, CMUP and CMX region.
These events has exact 2 tight jets

4.2 W + Heavy flavor

The Wbb and W ce states are major sources of background of b-tags in the W +jets channel.
They are estimated primarily from the Monte Carlo, but their overall rates are normalized to
data. The contribution from true heavy flavor production in W +jet events is determined from
measurements of the heavy flavor event fraction in W +jet events and the tagging efficiency
for those events.

These heavy flavor fractions and a scaling factor for these fractions (k-factor) have been
studied extensively elsewhere [[13, [14]] using ALPGEN v2 + PYTHIA Monte Carlo. Heavy
flavor fractions measured in ALPGEN have been calibrated using a jet data sample, and
it is found that a k-factor of 1.4 4 0.4 is necessary to make the heavy flavor production in
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Njets 1jet 2 jet >=3jet
bhelOd 0.20940.052  0.232+0.059  0.248+0.065
bhmuOd 0.0554+0.014 0.071+0.018  0.090+0.025
bhelOh 0.2364+0.059 0.251+0.063  0.251+£0.065
bhmuOh 0.056+0.014 0.067+0.017 0.058+0.016
bhelOi 0.246£0.062  0.260+0.066 0.215+0.057
bhmuOi 0.054+0.014 0.071+0.018 0.073£0.021
bhelmi (Period 8)  0.257+0.065 0.264+0.067 0.280+0.075
bhmumi (Period 8)  0.054+0.014 0.072+0.019 0.078+0.023
bhelmi2 (Period 9)  0.258+0.065 0.291+0.074 0.256£0.069
bhmumi2 (Period 9) 0.0574+0.014 0.065+0.017 0.061£0.019
bhelmi3 (Period 10)  0.275£0.069 0.2774+0.070 0.308+0.081
bhmumi3 (Period 10) 0.059£0.015 0.073+ 0.019 0.038+0.011
bhelOj (Period 11)  0.287£0.072 0.285£ 0.072  0.84+£0.075
bhmuOj (Period 11)  0.055+0.014 0.080£0.021 0.0684+0.020
bhelmj2 (Period 12)  0.279+0.07 0.287+ 0.073 0.285+0.077
bhmumj2 (Period 12) 0.059+£0.015 0.075+0.020 0.068+0.021

Table 1: NonW fraction after correction for each dataset and each jet bin. 3 jet and more
than 3 jet is merged due to statistical limitation

One SECVTX w/ NN tag ljet 2 jet 3 jet >=4 jet
WBB (1B) 27.5+1.49 | 28.1£1.25 | 26.7+1.42 | 26.9+ 3.67
WBB (2B) 26.24+1.22 | 24.1+1.23 | 22.64+1.31
WCC (1C) 4.17£0.23 | 4.594+0.25 | 4.91+0.29 | 5.234+0.66
WCC (2C) 6.284+0.38 | 6.561+0.42 | 6.85+0.64

Table 2: Heavy flavor tagging efficiency calculated from ALPGEN v2 W+jets MC for one
SECVTX w/ NNtag category.

Monte Carlo match the production in data. Although we can apply most of the numbers from
Ref [[14] without modification, we need to calculate the tagging efficiency of the ST+JP and
one SECVTX tag w/ NNtag categories ourselves. Table show the heavy flavor tagging
efficiency results for these two categories. The heavy flavor fractions and tagging efficiencies
are multiplied by the number of pre-tagged events in data, after the number of pre-tagged
events has been corrected for the non-W and other background contribution.

NW+HF = fHF * €tag * [Npretag : (1 - fnon—W) - NEWK] ) (5)

where fpr is heavy fraction, e, is tagging efficiency and Ngwy is the expected number of
tt and diboson events.
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SECVTX + Jet Probability(5%) 2 jet 3 jet >=4 jet
WBB (2B) 10.1+1.2 | 11.1+£1.3 | 12.441.5
WCC (2C) 1.6£0.2 | 2.3+0.3 | 3.2+04

Table 3: Heavy flavor tagging efficiency calculated from ALPGEN v2 W+jets MC for double
b-tagging categories.

4.3 Mistag

The rate of W + mistag, or falsely tagged, jets is derived from a sample of events collected
with a jet-based trigger with no heavy flavor requirement. The mistag rate is obtained using
negative tags, which are tags that appear to travel back toward the primary vertex. The mistag
rate obtained from negative tags is parameterized in bins of 7, jet Ep, track multiplicity
within a jet, > FEr of the event, number of z vertices, and the z vertex position [[I2]. The
mistag rate derived from negative tags is corrected for the effects of heavy flavor in the jet
sample, long-lived light flavor vertices, and vertices caused by material interactions in the
silicon detector. This correction is parameterized as a function of E to reduce its systematic
uncertainty [13]].

Tag rate probabilities for events with at least one SECVTX tag are obtained by sum-
ming over all of the taggable jets in pretag events and exact one tag events. For double
tagged events, we apply a similar procedure to events with exactly one tight SECVTX tag,
summing tag rate probabilities for all taggable jets except the tagged one. The total mistag
normalization is obtained by adding up all the mistag probability event sums for the pretag
events. Figure [/ illustrates our mistag background calculation scheme.

The uncertainty on the mistag estimate includes the statistical errors from the matrix it-
self, accounting for correlations between jets which fall in the same bin of the mistag matri-
ces, and an additional 5.9% error from all systematic uncertainties [[12]. Although the mistag
matrix was derived using the 1.12fb™ sample, it has been shown that it is acceptable to apply
this at least through period 10 data as long as the systematic uncertainties are increased by
1.8% to cover possible discrepancies.

For jet probability, mistag matrix is applied like SECVTX tag. This matrix is parametrized
in Er ,n, ¢ of jet, Number of track, sumFEr , z vertex position.

For NN b-tagging, we apply rejection factor 0.354+0.05 to one SECVTX tagged events
estimated in CDF note [15]]

4.4 MC derived background

The normalization of the diboson, tt and single top backgrounds are based on the theoretical
cross sections (listed in Table M), the measured luminosity and the acceptance and b-tagging
efficiency derived from MC. The MC acceptance is corrected for lepton identification, trigger
efficiencies and z vertex cut. The tagging efficiency is always scaled by the MC/data scale
factor of 0.95+ 0.05 for SECVTX and 0.85+0.07 for jet probability. For NN b-tag, the
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P

Theoretical Cross Sections

WW 12.4 £ 0.25 pb
wZ 3.96 = 0.06 pb
77 1.58 4 0.05 pb

Single Top s-channel 0.88 = 0.11 pb
Single Top t-channel 1.98 £ 0.25 pb
Z =TT 265 + 30.0 pb

tt 6.7 To:d pb

Table 4: Theoretical cross sections and errors for the electroweak and single top back-
grounds, along with the theoretical cross section for ¢t at (m; = 175GeV/c?). The cross
section of Z° — 77 is obtained from direct CDF measurement.

tagging efficiency is scaled by the factor 0.97+0.02. The expected number of events is
obtained by the equation

N:/Edtxexa, (6)

where € is the total detection efficiency corrected by all of the scale factors.

4.5 Background summary

We have described the contributions of individual background sources to the final back-
ground estimate. The summary table of the background estimates are shown in Tables Bl ??
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and number of expected events and observed data as a function of jet multiplicity plots are
shown in Figure ??7-7?
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Figure 8: The number of observed one SECVTX tag w/ NN tagged events and background
estimation summary as a function of jet multiplicity. Black points show observed events and
each color means each estimated background. Red hash means background uncertainties.
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Njet ljet 2jet 3jet >=4jet
Pretag Events 196160 32242 5496 1494
Mistag 236.7£19.36 107.1£9.38 41.844+3.839 20.97+1.91
W bb 431.7£182.4 215.6+£92.34  61.784+24.68  26.14£10.43
Wee 514.4+154.7 167+62.14 45.44+15.31 17.71£6.86
t£(6.7pb) 11.85+1.82 60.68+9.30 1114+17.03 122.4+18.76
Single top(s-ch) 7.09+£1.03 14.38+2.09 3.91+0.57 0.97+0.14
Single top(t-ch) 23.31+£3.41 29.574+4.33 6.24+0.91 1.11£0.16
wWw 7.214+0.89 15.45+1.91 4.61+0.57 1.03£0.13
Wz 5.52+0.59 7.5940.81 1.76+0.19 0.48+0.05
77 0.1740.02 0.314+0.03 0.1440.01 0.0740.01
Z—>TT 14.584+2.25 7.27£1.12 2.39+0.37 0.71£0.11
nonW QCD 465+83.21 184.74+33.04 44.831+8.57 17.034+3.67
Total Bkg 1717.6£347.89 809.61+159.38 323.92445.45 208.57+£26.24
WH signal (120 GeV) Control region 1.82+0.15 Control region Contral region
Observed Events 1812 805 306 215

Table 5: Background summary table for one tag w/ NNtag category

Njet 2jet 3jet >=4jet
Pretag Events 32242 5496 1494
Mistag 3.88+0.35 2.41£0.24 1.62+ 0.14
Wbb 37.93£16.92  14.05+5.49 7.39+2.93
Wee 2.88+1.25 1.52+0.61 1.15+£ 0.47
t£(6.7pb) 19.05+£2.92  54.67£8.38  94.93+ 14.56
Single top(s-ch) 6.90+1.00 2.284+0.33 0.61+ 0.088
Single top(t-ch) 1.60+0.23 1.434+0.21 0.50+ 0.07
wWw 0.1740.02 0.1540.02 0.16+ 0.02
wzZ 2.41+£0.26 0.68+0.07 0.16£ 0.02
77 0.06+0.01 0.06+0.01 0.02+0.001
Z—>TT 0.25+0.04 0.19+0.03 0.06+£0.01
nonW QCD 5.50+1.00 2.56+0.48 1.02+ 0.22
Total Bkg 80.62+18.75  79.99+10.92 107.63£ 15.15
WH signal (120 GeV)  0.94+0.11  Control region Control region
Observed Events 83 88 118

Table 6: Background summary table for double SECVTX tag category
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Figure 9: The number of observed double SECVTX tagged events and background estima-
tion summary as a function of jet multiplicity. Black points show observed events and each
color means each estimated background. Red hash means background uncertainties.
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Figure 10: The number of observed one SECVTX and one Jet probability tagged events
and background estimation summary as a function of jet multiplicity. Black points show
observed events and each color means each estimated background. Red hash means back-
ground uncertainties.
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Njet 2jet 3jet >=4jet
Pretag Events 32242 5496 1494
Mistag 12.514£0.98 8.694+0.69 8.99+0.63
Wbb 31.15£14.03  11.4744.55 6.55+2.63
Wee 7.87+£3.43 4.38+1.76 3.09+£1.27
tt(6.7pb) 15.56+£2.39  47.48+7.28 79.81£12.24
Single top(s-ch) 5.14+0.75 1.90+0.27 0.53+0.07
Single top(t-ch) 1.87+0.27 1.49+0.22 0.44+0.06
wWwW 0.93+0.11 0.63+0.08 0.47+0.06
wz 1.8440.20 0.5940.06 0.19+0.02
77 0.08+0.01 0.04+0.003 0.02£0.002
L—>TT 1.29+0.20 0.53+0.08 0.20+0.03
nonW QCD 9.55+1.73 4.87£0.93 1.80+0.40
Total Bkg 87.77£17.99 82.04+10.22 102.09£13.09
WH signal (120 GeV)  0.74£0.09  Control region Control region
Observed Events 90 80 106

Table 7: Background summary table for one SECVTX tag + Jet Probability tag category
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5 Higgs Signal Acceptance

5.1 Introduction

To calculate the expected number of signal Ny, ;5. the following equation is used:
Ny tt—siwi5 = €wn—wp - £ - 0(pp — WH) - Br(H — bb), (7)

where, €z _,;,45 1S detection efficiency for signal, £ is the integrated luminosity, a(pﬁ_ —
WH) is W H production cross section in proton antiproton collisions and BR(H — bb) is
branching ratio for Higgs decaying to bb. The detection efficiency for signal events is defined
as:

MC
Ew H—wbb — €20 ° €trig * €leptonid * €y _iph ( Z BR(W — ZIV)) ) (8)
l':&uﬂ'
where e)/¢ s the fraction of signal events (with |zo| < 60cm) which pass the kinematic

and b-tagging requirements. The effect of the b-tagging scale factor in this fraction is in-
cluded by randomly selecting tagged jets to discard. The quantity €z, is efficiency of the
|z9| < 60 cm cut, and is measured in data. The trigger efficiencies for high pr leptons, €44,
are also measured in data using back-up triggers with looser requirements [(7, 9]. The lepton
id and reconstruction efficiencies measured in Monte Carlo are corrected by scale factors,
€leptonia derived from data [8, O]. Finally, Br(WW — ['v) is the branching ratio for leptonic
(e, u) W decay. Each of these factors and their systematic errors are treated separately for
each data period and the results are combined weighted by the luminosity of each data pe-
riod. For the later data periods, where numbers may not have been finalized, preliminary
results have been taken from the slides of talks given in the Joint Physics meeting [I10].

Samples of PYTHIA W H — ['vbb Monte Carlo with Higgs boson masses of my = 110,
115, 120, 130, 140 and 150 GeV/c? are used to estimate e%% ;- The run range of these
MC samples covers up to period 8 run range, and we estimate the signal expectations for
each period independently due to the different acceptances. As we don’t have MC samples
corresponding to period 9 or later, we assume that periods 9-12 acceptance is same as period
8 and scale up the contribution from period 8 to account for the luminosities in periods 9-12.

Finally, we combine the numbers from each run period, weighted by the appropriate
luminosity, to obtain our final acceptance number. Figure [Tl show the overall acceptance for
each b-tagging condition including all systematic effects as a function of Higgs mass. The
acceptance increases linearly from 0.91%40.05 to 1.01%=+0.06 as a function of Higgs mass
for one SECVTX tight tag w/ NN tag. The acceptances for tight SECVTX double-tagged
selection are from 0.42%=0.04 to 0.51%=-0.05. For the tight SECVTX tag + jet probability
category, the acceptance are from 0.36+0.04 to 0.43+0.05, even though these categories
are exclusive sample to double SECVTX tag category. Table [§] shows the acceptance for
a number of Higgs masses for the various tagging categories. Systematic uncertainties are
discussed in detail in the following subsection.

The expected number of W H signal events is estimated from the calculated acceptance
at each mass. The expectation for each event selection is shown in Tables [9 In these tables
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b-tagging category 110 GeV 115 GeV 120 GeV 130 GeV 140 GeV 150 GeV

One tag w/ NNtag  0.91+£0.05 0.93£0.05 0.93£0.05 0.97£0.05 1.01£0.06 1.01+0.06
ST+ ST 0.42+0.04 0.44£0.05 0.48+0.05 0.51£0.05 0.51£0.05 0.51£0.05
ST +JP 0.36+£0.04 0.38+0.04 0.38+£0.04 0.42+£0.04 0.43+0.05 0.43£0.05

Table 8: WH signal acceptance table in W+2jet events for each tag category and each mass
samples. Systematic error is included in uncertainties. Each tagging category is exclusive to
other categories

b-tagging category 110 GeV 115 GeV 120 GeV 130 GeV 140 GeV 150 GeV

One tag w/ NNtag  2.81+£0.23 2.35+£0.19 1.82+£0.15 1.15+£0.09 0.59+0.05 0.23+0.02
ST+ ST 1.31+£0.16 1.11£0.14 0.94+0.11 0.61£0.07 0.30+£0.04 0.11£0.01
ST +JP 1.11£0.13  0.94+0.11 0.74£0.09 0.50+£0.06 0.25+0.03 0.10+0.01

Table 9: WH signal expected table calculated with integrated luminosity 1.9 fb™ in W+2jet
events for each tag category and each mass samples. Systematic error is included in uncer-
tainties. Each tagging category is exclusive to other categories

expected events are calculated from 2 jet bin only. The W H production cross section and
branching ratio (Figure P)) on the Higgs Working Group page [[I}, 2]] are used .
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Figure 11: Signal acceptance as a function of Higgs mass. Left plot shows the at least one
tag and exactly one tag category (w/ NN tag). Right plot shows the double tag categories.
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b-tagging category LeptonID Trigger ISR/FSR JES PDF b-tagging Total
One tag w/ NN tag ~ 2% < 1% 2.9% 23% 1.2% 3.5% 5.6%
ST+ ST ~ 2% < 1% 5.2% 2.5% 2.1% 8.4% 10.6%
ST +JP ~ 2% < 1% 4.0% 28% 1.5% 8.9% 10.5%

Table 10: Systematic uncertainties for each tagging category

5.2 Systematic Uncertainties on Acceptance

The systematic uncertainties on the acceptance include uncertainties on the jet energy scale,
initial and final state radiation, lepton ID and trigger efficiencies and the b-tagging scale
factor. To obtain the systematic uncertainty from jet energy scale, we use the Higgs sample
for a mass of 120 GeV. The jet energies in the WH MC samples are shifted by 10 and the
difference from the nominal acceptance is taken as the systematic uncertainty. The estimated
value in one SECVTX tag w/ NNtag, double SECVTX tag and one SECVTX tag plus Jet
Probability tag is 2.3, 2.5 and 2.8% using only 2 jet bin, respectively.

Lepton ID and trigger systematics are estimated in [[7, 18, 9, [10]. These systematics uncer-
tainties are calculated for each run range and combined using a luminosity weighted average.
~ 2% is assigned as Lepton ID systematic uncertainty. The uncertainty for the trigger effi-
ciency is estimated to be less than one percent.

ISR and FSR systematic uncertainty are estimated by changing the parameters related
to ISR and FSR from default values to half and double. Half of difference between the
two samples is taken as the systematic uncertainly. The estimated values in one SECVTX
tag w/ NNtag, ST+ST, ST+JP stage are 2.1%, 4.5% and 2.7% and 2.0%, 2.7% and 2.9%
;Jrespectively (include MC statistics). and the combination of these uncertainties 2.9%, 5.2%
and 4.0% is taken as ISR/FSR total systematic uncertainty.

PDFs uncertainties are evaluated using the standard re-weighting method recommended
by Joint Physics [[10]. The estimated value in one SECVTX tag w/ NN tag, ST+ST and
ST+JP stage is 1.2%, 2.1% and 1.5%, respectively.

The b-tagging scale factor uncertainty comes from the High py b-tagging group. Propa-
gating this uncertainty through our analysis, we estimate an acceptance uncertainty of 5.6%,
10.6% and 10.5% for one SECVTX tag w/ NN tag and 10.5% for double SECVTX tag and
one SECVTX plus Jet Probablity. Total systematic uncertainties are listed in Table [IQl for
each b-tagging category.

Luminosity uncertainties are also included in calculating Higgs signal events. This un-
certainty assign 6%.

Note: Previous versions of this analysis suggest that the acceptance systematics are much
larger than the shape systematics. Therefore, at this time, we’ve focused on the acceptance
systematics. In the near future, we will check this assumption by evaluating shape systemat-
ics.
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6 Neural Network Discriminant

To further improve signal to background discrimination after event selection, we employ an
artificial Neural Network (NN) trained on a variety of kinematic variables to distinguish WH
from backgrounds. We use the RootJetnet interface to the Jetnet neural network program.

To optimize the NN, we use an iterative procedure to determine the configuration which
best discriminates signal and background, and which uses a minimal number of input dis-
criminants. The 1fb~' ZH analysis [[I7] used the same optimization procedure. This is
done by first determining the best one-variable NN from a list of 36 possible choices. The
optimization algorithm keeps this variable as an input, the loops over all other the variables to
determine the best two-variable NN. The best N-variable network is finally selected once the
N+1-variable network shows less than a percent improvement. The criteria for comparing
networks is the testing error defined by how often an NN with a given configuration correctly
classifies several thousand signal and background events.

We optimized the NN structure on signal sample with M(H)= 120 GeV. We used the
optimal structure of input variables to train sepearte neural networks for Higgs masses of
110, 115, 120, 130, 140, and 150. Re-training networks with the same structure and differ-
ent signal masses keeps the neural net sensitivity constant as a function of higgs mass. We
expect that this constant increase in sensitivity versus mass is also an optimal increase. Fur-
ther studies could investigate whether other combinations of input variables becomes more
powerful at different Higgs masses.

Our final Neural Network configuration has 3 input variables, 4 hidden nodes, and 1
output node. The 3 optimal inputs are,

e Dijet Mass: The invariant mass of the jet-jet system.

e Primbalance: Pr(jet,) + Pr(jets) + Pr(lep)— Hr , the difference between the Hy
and the sum of the Py of the other objects in the event

o Pr(W + H): Pr(lep + 7 + jét, + jety), The total P of the W H system.

Figures [[2 to [[4l shows the correlations between different pairs of NN inputs for W H
signal and the background used for training the NN.

Figure [LY shows unit normalized shape comparison plots between the NN inputs. Figure
shows the shape comparison between the NN outputs.
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Figure 12: Pr(W + H) vs Py imbalance for WH (M=120) and major backgrounds. Each
plot normalized to unit area. The scale on the z-axis is the same for all plots.
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Figure 13: Dijet Mass vs Pr(W + H) for WH (M=120) and major backgrounds. Each plot
normalized to unit area. The scale on the z-axis is the same for all plots.
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Figure 14: Dijet Mass vs Py imbalance for WH (M=120) and major backgrounds. Each plot
normalized to unit area. The scale on the z-axis is the same for all plots.
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Figure 15: Comparison of NN input variable kinematics for signal (M(H)=120) and major
backgrounds. Each histogram is normalized to unit area.
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Figure 16: Comparison of NN output for signal (M(H)=120) and major backgrounds. Each

histogram normalized to unit area.
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7 Kinematic shape

We check the kinematics for each tagging category to make sure that the background com-
positions are well understood between data and Monte Carlo. The non-W shape is derived
directly from data using C region (¥ >20 GeV and lepton isolation > 0.1). The W+jets
shape is determined from Monte Carlo using ALPGEN _v2 and is normalized to the data after
subtracting other backgrounds in pretag. The mistag shape is obtained from the data events
before tagging, but weighted by the mistag matrix. The rest of the backgrounds, such as ¢t,
single top and diboson, are derived from Monte Carlo simulation with a top mass of 175
GeV/c?. We add signal shape for each tagging category after scaling to able to see signal
shape.

7.1 pretag

Figures show the fundamental observed and expected shapes of lepton, Missing energy
and two jets and correlation between these variables in the pretag sample in the W+2jet
bin. As we mentioned, the background estimation is normalized to the number of events
observed in the data. These plots show good agreement between the data and the background
prediction.

Figure 17: The first leading jet Er, n and ¢ kinematic distributions in the pretag events. The
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W+jets background is normalized to the data after subtracting other backgrounds.
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Figure 18: The second leading jet E7, n and ¢ kinematic distributions in the pretag events.
The W+jets background is normalized to the data after subtracting other backgrounds.
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Figure 20: The 7 and ¢ kinematic distributions in the pretag events. The W+jets back-
ground is normalized to the data after subtracting other backgrounds.
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Figure 21: The reconstructed W transverse mass and Ht distributions in the pretag events.

The W+jets background is normalized to the data after subtracting other backgrounds.
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Figure 22: The observed and expected AR between dijet and A¢ between H7 and lepton in
the pretag events. The W+jets background is normalized to the data after subtracting other
backgrounds.
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7.2 One SECVTX tag w/ NNtag

Figures [23H28] show similar plots for events with at least one tight SECVTX tag in W +2jet
bin where the backgrounds are normalized according to their Method 2 expectations and the
Method 2 uncertainties are shown.
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Figure 23: First leading jet E7, n and ¢ kinematic plots in one SECVTX w/ NN tagged
events. Background uncertainty is shown in red hash.
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Figure 24: Second leading jet Er, n and ¢ kinematic plots in one SECVTX w/ NN tagged
events. Background uncertainty is shown in red hash.
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Figure 25: Lepton Pr, n and ¢ kinematic plots in one SECVTX w/ NN tagged events.
Background uncertainty is shown in red hash.
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Figure 26: Hr and ¢ kinematic plots in one SECVTX w/ NN tagged events. Background
uncertainty is shown in red hash.
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Figure 27: Transverse mass of W and Ht plots in one SECVTX w/ NN tagged events. Back-
ground uncertainty is shown in red hash.
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Figure 28: From left, A R between dijet and A¢ between Hy and lepton in one SECVTX w/
NN tagged events. Background uncertainty is shown in red hash.
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7.3 Double SecVitx tag

Figures 29H34] show the observed and expected kinematic distributions in the double SecVtx
tagged events in W+2jet bin. Again, our data and the background model agree within the
statistical uncertainty on the data.

CDF Run Il Preliminary (1.9 fb'j) CDF Run Il Preliminary (1.9 fb'j) CDF Run Il Preliminary (1.9 fb'j)
2 0 2 24 2 f
c 25+ —— Data c b —— Data c —— Data
g . WHHF S b B WHHE ¢ B WHHE
2 [ [ Mistag 2 L [ Mistag 2 [ Mistag
o | [ ti (6.7pb),Single top o 20 [ ti (6.7pb),Single top o [ ti{6.7pb),Single top
@ 20+ I Diboson o r I Diboson 5 s
Qa L [ Nonw a 18 | NonW Qa
€ L —— Higgs (120 GeV) x 10 € F —— | Higgs (120 Gev) x 10 €
é 8 Background error é 16 | |Background error é Background prror
15 E
10
5L
| i
0 20 40 60 80 100 120 140 160 180 200 - - 2 3 4 5 6
1st leading jet Et 1st leading jetn 1st leading jet ¢

Figure 29: First leading jet £, n and ¢ kinematic plots in double SecVtx tagged events.
Background uncertainty is shown in red hash
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Figure 30: Second leading jet E'r,  and ¢ kinematic plots in double SecVtx tagged events.
Background uncertainty is shown in red hash.
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Figure 31: Lepton Pr, n and ¢ kinematic plots in double SecVtx tagged events. Background
uncertainty is shown in red hash.
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Figure 32: Hr and ¢ kinematic plots in double SecVtx tagged events. Background uncer-
tainty is shown in red hash.
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Figure 33: Transverse mass of W and Ht plots in double SecVtx tagged events. Background
uncertainty is shown in red hash.
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Figure 34: From left, AR between dijet and A¢ between K and lepton in double SecVtx
tagged events. Background uncertainty is shown in red hash.
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7.4 One SecVtx tag and One Jet probability tag

Figures B5H40 show the observed and expected kinematic shapes in the double tagged events
with one SECVTX tag + one jet probability tag in W +2jet bin. Again, the agreement be-
tween the two is excellent although the statics are not great.
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Figure 35: First leading jet Ep, n and ¢ kinematic plots in one SecVtx tag and one Jet
probability tag events. Background uncertainty is shown in red hash.
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Figure 36: Second leading jet E7, n and ¢ kinematic plots in one SecVtx tag and one Jet
probability tag events. Background uncertainty is shown in red hash.
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Figure 37: Lepton Pr, n and ¢ kinematic plots in one SecVtx tag and one Jet probability tag
events. Background uncertainty is shown in red hash.
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Figure 38: F7 and ¢ kinematic plots in one SecVtx tag and one Jet probability tag events.
Background uncertainty is shown in red hash.

8 NN kinematic shape

Figures shows the NN input variables and output shape for each tagging category.
First we check whether the all NN input variables are modeled reasonably and consistent
with observed data for each tagging categories. As described in Section 6, the Higgs signal
ideally produces a high NN output value while the backgrounds produce low values. Finally
NN output distribution for each tagging category is shown to search for the Standard Model
Higgs boson.
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Figure 39: Transverse mass of W and Ht plots in one SecVtx tag and one Jet probability tag
events. Background uncertainty is shown in red hash.
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Figure 40: From left, AR between dijet and A¢ between Fp and lepton in one SecVtx tag
and one Jet probability tag events. Background uncertainty is shown in red hash.

8.1 pretag

Figures Bl show the NN input variables, Met Imbalance, Pt of W+2jet system and dijet
mass distribution. The total background number is normalized to data using I +jets events
in pretag events. Figure 42 shows the NN output distributions calculated from three NN input
variables. The expected background shape is consistent with observed background shape.
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Figure 41: The observed and expected NN input variables, Met Imbalance and Dijet mass
reconstructed by Jet energy correction LS and Pt of W+2jet system in the pretag events. The
W+jets background is normalized to the data after subtracting other backgrounds.
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Figure 42: NN output shape calculated from three input variables for pretag events. Higgs
signal should produce high NN output values.

8.2 one tag w/ NNtag

Figures B3 show the NN input variables, Met Imbalance, Pt of W+2jet system and dijet mass
distribution for one SECVTX tag w/ NN tagged events. Figure B4l shows the NN output
distributions calculated from three NN input variables. The expected background shape is
consistent with observed background shape.
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Figure 43: The observed and expected NN input variables, Met Imbalance and Dijet mass
reconstructed by Jet energy correction L5 and Pt of W+2jet system in one SECVTX w/ NN

tag.
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Figure 44: NN output shape calculated from three input variables for double tight SecVtx
category. NN output shape is calculated for each signal mass points. Higgs signal should
produce high NN output values.

8.3 Double SECVTX tag

Figures 43lshow the NN input variables, Met Imbalance, Pt of W +2jet system and dijet mass
distribution for double SECVTX tagged events. Figure B shows the NN output distributions
calculated from three NN input variables. The expected background shape is consistent with

observed background shape.
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Figure 45: The observed and expected NN input variables, Met Imbalance and Dijet mass
reconstructed by Jet energy correction L5 and Pt of W+2jet system in the double tight SecVtx
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Figure 46: NN output shape calculated from three input variables for double tight SECVTX
category. NN output shape is calculated for each signal mass points. Higgs signal should
produce high NN output values.

8.4 One SECVTX plus Jet Probability tag

Figures 7] show the NN input variables, Met Imbalance, Pt of W+2jet system and dijet
mass distribution for one SECVTX plus Jet Probability tagged events. Figure K&l shows the
NN output distributions calculated from three NN input variables. The expected background
shape is consistent with observed background shape.
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Figure 47: The observed and expected NN input variables, Met Imbalance and Dijet mass
reconstructed by Jet energy correction L5 and Pt of W+2jet system in one SECVTX plus Jet

Probability tag.
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Figure 48: NN output shape calculated from three input variables for one SECVTX tag plus
Jet Probability. NN output shape is calculated for each signal mass points. Higgs signal
should produce high NN output values.
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9 Senditivity and 95% C.L. upper limit: Dijet Invariant
Mass

Since there is no significant excess of events in the data compared to the background ex-
pectation, we fit the NN output distribution and extract the expected 95% C.L. upper limit
for various b-tagging strategies using pseudo-experiments based on the background expecta-
tions.

9.1 Binned Likelihood Technique

We set an upper limit on the production cross section times branching ratio of pp — WH
as a function of mj, by using the number of events in the W= + 2 jets sample. Since there
are no peaks observed from NN ouput distribution, we assume that the W+ + 2 jets and
dijet mass distributions in the data consist of QCD (mistags, W+ + bb, W* + ce, W* + ¢
Z+jets and diboson), TOP (¢t and single top) and WH higgs signal events. A 1-dimensional
binned maximum likelihood technique is used to obtain the limit on the cross section of
signal process as in the previous analysis. The expected number of events (u;) in each mass
bin is )
pi = [P0 NOCP 4 fTOF . NTOP o pVHSW (e L oy suusn)s

where f2CP, fTOP and f/VH—=W are the expected fraction of events in a given mass bin
predicted by Monte Carlo. NQ¢P NTOP o [ and oy 5 _,;,4 are the expected number of
QCD and TOP events, the detection efficiency, the luminosity and the unknown W H — [vbb
cross section respectively. In pseudo-experiment, to make the pseudo-data, we fluctuate the
number of expected QCD and Top with Gaussian with the estimated total uncertainty inde-
pendently, and also signal events with total systematic uncertainty. Then the corresponding
likelihood is

L(OXBR):///,HMZMTS_M

1=bin

G(Ngcp, Ongen)G(Nropr, Onropr)G(Nwi, 0Ny )dNgepdNropdNwr,  (9)

We define the expected limit by taking the mean value of the iterated pseudo-experiment.
We try to calculate the expected limit with each b-tag condition (double SECVTX tag, one
SECVTX tag + Jet probability tag and one SECVTX tag w/ NN tag and double SECVTX
tag & one SECVTX tag & one Jet probability tag combined and limit combined all tagging
categories). The limit of “combined all tagging categories” are obtained by combining the
three likelihood of L(c| ST+ST), L(c|ST+JP) and L(o| one tag w/ NNtag) as

L(c) = L(o|ST + ST) x L(0|ST + JP) x L(c|onetagw/N Ntag)

where the correlation between b-tag categories is taken into account properly. The systematic
uncertainty up to the pretag acceptance, luminosity uncertainty and uncertainty of SECVTX
b-tag scale factor and Jet probability scale factor are considered to be 100% correlated be-
tween the three selection criteria.
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Mass/b-tagging category ST + ST ST + JP One SECVTX w/ NNtag
110 GeV 1.89 (11.7)  2.34(14.5) 3.22 (19.9)
115 GeV 1.80 (13.7) 2.18(16.6) 2.93 (22.3)
120 GeV 1.56 (15.3) 2.18(21.3) 2.76 (27.1)
130 GeV 1.44 (23.1) 1.88(30.2) 2.42 (38.8)
140 GeV 1.36 (44.4)  1.73 (56.7) 2.18 (71.2)
150 GeV 1.32(112.6) 1.55(132.0) 1.98 (168.9)

Table 11: This table shows upper limit using NN shape fitting for each mass point and each
tagging category. The values in parentheses mean upper limit normalized to SM expectation

Mass/b-tagging category ST +ST & ST +JP Itag & 2tag
110 GeV 1.41 (8.7) 1.32 (8.2)
115 GeV 1.35 (10.3) 1.19 (9.0)
120 GeV 1.28 (12.5) 1.12 (11.0)
130 GeV 1.08 (17.3) 0.96 (15.4)
140 GeV 1.00 (32.8) 0.90 (29.3)
150 GeV 0.96 (82.2) 0.85 (72.8)

Table 12: This table shows combined upper limit using NN shape fitting for each mass point.
The values in parentheses mean upper limit normalized to SM expectation

9.2 Expected Limit Result

We check the expected upper limit and decide the best limit a priori. Fig 9 shows upper limit
on the production cross section times branching ratio. Fig. B0 shows upper limit normalized
to SM cross section times branching ratio. Double SECVTX events has the best sensitivity in
each one tagging category. Finally the best upper limit is obtained from the combined 1tag
and 2 tag. Table [L2 shows the expected limit obtained from selected tagging category for
each Higgs mass. Table ?? shows the expected limit obtained from combination of selected
tagging category for each Higgs mass. According to table, the gain by including 1tag w/ NN

tag is 10% level.
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Figure 49: The 95% C.L. upper limit using the dijet invariant mass only estimated from
pseudo experiments. Each color means each b-tagging strategy.
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Figure 50: The ratio of 95% C.L. upper limit using the dijet invariant mass only to SM ex-
pectation. These values are estimated from pseudo experiments for each b-tagging strategy.
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Figures D1HYS show distribution of 95% C.L. upper limit results from one thousand
pseudo-experiments. The mean of these distribution is quoted as the central value for the
expected limit and the RMS provides the 1 o uncertainty band.
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Figure 51: The results using NN output for one SECVTX tag w/ NNtag with one thousand
pseudo experiments for each Higgs mass. The results show 95% C.L. upper limit for each
pseudo experiment.

9.3 Observed limit

9.4 Neural Network Observed Limits

Figure D6l shows observed 95% C.L upper limit combined 1tag and 2tag for WH production
cross section. Our observed limit is reasonable compared to pseudo experiment results.
Figure 571 shows observed 95% C.L. upper limit for each tag cateogry. The observed limit
for each tag category are good agreement to expected limit. In Table [4] the absolute and
normalized by SM value of Observed limit values are shown.
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Figure 52: The results using NN output for double SECVTX tag with one thousand pseudo
experiments for each Higgs mass. The results show 95% C.L. upper limit for each pseudo
experiment.

Mass/b-tagging category ST + ST ST + JP one tag w/ NNtag

110 GeV 1.13(7.0)  2.63(16.2) 4.68 (28.9)
115 GeV 1.08 (8.2)  2.58(20.0) 4.13 (31.4)
120 GeV 1.03 (10.0)  2.63 (25.7) 3.68 (36.0)
130 GeV 1.08 (17.2)  2.48(39.7) 2.83(45.3)
140 GeV 1.33(43.3)  2.23(72.7) 2.43(79.2)
150 GeV 1.68 (142.8) 2.13 (181.2) 1.93 (164.1)

Table 13: This table shows observed upper limit using NN shape fit for each mass point
and each tagging category. The values in parentheses mean upper limit normalized to SM
expectation

10 Conclusions

We have presented the results of a search for the Standard Model Higgs boson via associated
WH production and decay to bb . This analysis is studied one SECVTX tagged events and
two double btagged events. We find that for the dataset corresponding to integrated lumi-
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Figure 53: The results using NN output for one SECVTX tag plus Jet Probability tag with
one thousand pseudo experiments for each Higgs mass. The results show 95% C.L. upper
limit for each pseudo experiment.

Mass/b-tagging category ST +ST & ST +JP Itag & 2tag
110 GeV 1.08 (6.7) 1.33(8.2)
115 GeV 1.03 (7.8) 1.18 (8.9)
120 GeV 0.98 (9.6) 1.13 (11.0)
130 GeV 1.08 (17.2) 1.08 (17.2)
140 GeV 1.18 (38.4) 1.18 (38.4)
150 GeV 1.48 (125.7) 1.23 (104.4)

Table 14: This table shows observed upper limit using NN shape fit for each mass point
and each tagging category. The values in parentheses mean upper limit normalized to SM

expectation

nosity of 1.9fb™" | the observed data for each tagged events agrees with the SM background
predictions within the systematic uncertainties. Therefore we set upper limit on the Higgs
production cross section using 1tagged and 2tagged events. The observed limit using the
neural network output distribution is o(pp — W*H) x BR(H — bb) ranging from 1.3pb
(for my, = 110 GeV/c?) to 1.2pb (for my, = 150 GeV/c?) at 95% confidence level.
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Figure 54: The results using NN output for the combination of ST+ST and ST+JP with one
thousand pseudo experiments for each Higgs mass. The results show 95% C.L. upper limit

for each pseudo experiment.
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Figure 57: Observed limit calculated from NN shape for each tagging category
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